Abstract: This paper presents an exergy analysis to evaluate the performance of a continuous directional solvent extraction (DSE) desalination process using octanoic acid. The flow of exergy was calculated for each thermodynamic state and balanced for different components of the system to quantify the inefficiencies in the process. A parametric study was performed to evaluate the impact of three critical design variables on exergy consumption. The parametric study reveals that the total exergy input decreases significantly with an increase in heat exchanger effectiveness. The results also indicate that the heat exchangers account for the highest exergy destruction. The total exergy consumption, however, has a slightly declining trend as the recovery-ratio increases. There is a small variation in the total exergy consumption, within the uncertainty of the calculation, as the highest process temperature increases. When compared to conventional desalination processes, the exergy consumption of the DSE, with heat recovery of 90%, is comparable to those of multi-stage flashing (MSF), but much higher than reverse osmosis (RO). Octanoic acid, which has low product water yield, is identified as the primary factor negatively impacting the exergy consumptions. To exploit the low-grade and low-temperature heat source feature of the DSE process, directional solvents with higher yield should be identified or designed to enable its full implementation.
Introduction
Directional solvent extraction (DSE) is a newly proposed water desalination process that can separate pure water from seawater. This technique was first proposed by Davidson et al. [1] where pure water was separated using amines as directional solvents. Most preferred amine solvents were found to be the secondary or tertiary due to their high rejection of salt ions and their ability to absorb pure water, where the solubility of water increases with temperature. However, due to the high solubility of amine solvents in water the recovered water is often contaminated. Using this concept as the basis, Bajpayee [2] investigated the technical feasibility of this new technique using several directional solvents including octanoic and decanoic acids. The product water yield, which is the mass flow rate of purified water divided by the mass flow rate of the solvent, was measured at different temperatures for the most promising solvents: decanoic and octanoic acids, Figure 1 [2] . Decanoic Acid Octanoic Acid Figure 1 . Product water yield of decanoic and octanoic acids vs. temperature [2] .
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The properties of decanoic acid were studied by Bajpayee et al. [3] , Luo et al. [4] , Rish et al. [5] ,
44
and Sanap et al. [6] . According to Rish et al. [5] , using decanoic acid as a directional solvent, the ion 45 rejection rates of DSE are in the range of 98%-99%, which is close to the best reverse osmosis 46 membranes used. In the work of Luo et al. [4] , free energy calculations were used to study the solubility of water and decanoic acid, and molecular dynamics simulations were carried out to Table 1 . Electrical energy consumption of mixing and separation [8] . . Product water yield of decanoic and octanoic acids vs. temperature [2] .
The properties of decanoic acid were studied by Bajpayee et al. [3] , Luo et al. [4] , Rish et al. [5] , and Sanap et al. [6] . According to Rish et al. [5] , using decanoic acid as a directional solvent, the ion rejection rates of DSE are in the range of 98-99%, which is close to the best reverse osmosis membranes used. In the work of Luo et al. [4] , free energy calculations were used to study the solubility of water and decanoic acid, and molecular dynamics simulations were carried out to study their inter-diffusion processes. Their results confirmed that decanoic acid could absorb water and reject salt ions with very low solubility in water. Luo et al. [7] recently developed a continuous bench top DSE system realized by incorporating an electrocoalescer to speed up the water-solvent phase separation process.
Assuming 80% heat recovery, the thermal energy consumption of a DSE process was estimated by Bajpayee [2] to be between 350-480 kWh/m 3 for decanoic acid, and between 220-260 kWh/m 3 for octanoic acid. Bajpayee, however, did not consider any electrical consumption associated with this new process. Sanap et al. [6] conducted an energy analysis of a continuous DSE process using octanoic acid. They predicted electrical energy consumption of more than 30 kWh/m 3 . This high electrical consumption was explained in their study by the high pumping power required to re-circulate the high mass flow rate of octanoic acid in a continuous desalination process. Alotaibi et al. [8] performed energy analysis for a DSE continuous water desalination process, with and without heat recovery. Assuming heat exchanger effectiveness of 0.8, the thermal energy consumption was estimated to be between 160 to 180 kWh/m 3 for octanoic acid and between 350 to 460 kWh/m 3 for decanoic acid; while the total electrical energy consumption is found to be between 5 to 9 kWh/m 3 for octanoic acid and between 13 to 21 kWh/m 3 for decanoic acid. This total electrical consumption includes the consumption of the pumps, mixing and that of the separation processes. The electrical energy required for the mixing process was predicted based on the power needed for a typical mixing impeller driven by an electrical motor. The additional electrical energy required to accelerate the separation processes, on the other hand, was estimated based on an energy efficient electrical demulsification. Their results for different high process temperatures, which were used as inputs to the process modeling, are summarized in Table 1 . In addition to the energy analysis, the exergy analysis is used to identify and quantify inefficiencies and to calculate the total exergy consumption of energy systems. The exergy analysis is considered an essential diagnostic tool in quantifying inefficiencies in energy processes, which can provide useful guidance on further system improvement. Several published papers considered exergy analyses of conventional desalination processes such as reverse osmosis (RO), multi-stage flash (MSF), and multi-effect distillation (MED), e.g., [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, there are limited published technical papers on exergy analysis of the new DSE desalination process. Bajpayee [2] has performed a simplified exergy analysis on a DSE process by considering the temperature of the heat sources, where the analysis was first done by calculating the energy consumption of the batch process to estimate the energy and exergy requirements of the continuous desalination process. The results of the simple exergy analysis were compared to published results for RO and MSF.
The objective of this paper is to perform a detailed exergy analysis on a DSE process using octanoic acid as the directional solvent. The goal is to quantify and identify the sources of inefficiencies in the DSE process. The mass, energy, and exergy balances of the DSE process, which are presented in later sections, are based on the system shown in Figure 2 . The thermodynamic properties of seawater mixture are calculated based on the correlations by Sharqawy et al. [20] and modified by Nayar et al. [21] . The thermodynamic properties of the water-solvent binary mixture, on the other hand, were developed and presented hereafter. 
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Alotaibi et al. [8] utilized a heat exchanger network synthesis where a continuous DSE process
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was designed and optimized for maximum heat recovery. They confirmed that the DSE process with
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heat recovery using octanoic acid is more energy efficient when compared to a similar process using 95 decanoic acid. Alotaibi et al. [8] , however, did not consider an exergy analysis as part of their study. 
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Directional Solvent Extraction (DSE) Desalination Process with Heat Recovery
Alotaibi et al. [8] utilized a heat exchanger network synthesis where a continuous DSE process was designed and optimized for maximum heat recovery. They confirmed that the DSE process with heat recovery using octanoic acid is more energy efficient when compared to a similar process using decanoic acid. Alotaibi et al. [8] , however, did not consider an exergy analysis as part of their study.
Based on their findings, the present study focuses on performing an exergy analysis of the optimized DSE process flow diagram, as shown in Figure 2 .
Excluding the complexity of the heat exchanger network, the optimized process mainly consists of a mixing tank, two settlement tanks, and six pumps to circulate the seawater, solvent, and hot water. The basic concept behind this process is that water solubility in the directional solvent, octanoic acid in this case, increases with temperature and the directional solvent has a high rate of salt ion rejection. The process starts in the mixing tank where seawater (State 12) is mixed with the directional solvent (State 8). Before entering the mixing tank, both seawater and solvent are heated to a high temperature, which facilitates water to dissolve into the octanoic acid during mixing. The salt concentration in the brine at State 13 is increased as water is absorbed into the solvent. The solvent saturated with pure water becomes separated from concentrated saline water "brine", in the high-temperature settlement tank, resulting in two separate streams (States 1 and 14) . The saturated solvent (State 1) is pumped through heat exchangers to ultimately reduce its temperature to 40 • C at States 4 and 23. The result of the cooling process is an immiscible mixture of saturated directional solvent and pure water. The solvent and pure water, in the low-temperature settlement tank, are separated into two streams. The purified water stream (State 16) is collected and the saturated solvent stream (State 5) is recycled back to the mixing tank. Four heat exchangers are used to preheat the seawater from State 9 to State 21 and the solvent from State 6 to State 7. Three additional heat exchangers are used for the external heating and cooling processes. One heat exchanger is used to cool the solvent-water mixture (State 3) to the lowest process temperature (State 4). The second heat exchanger is utilized to heat the recycled solvent (State 7) to the highest process temperature (State 8). The third heat exchanger is used to heat the seawater from State 21 to the highest process temperature (State 12). A total of six pumps are used to circulate the solvent, seawater, and hot water in the continuous process.
Thermodynamic Properties of Seawater
The thermodynamic properties of seawater were evaluated using the modified pressure dependence correlations presented by Nayar et al. [21] , which are based on the previously developed correlations of Sharqawy et al. [20] . The seawater properties including the specific volume (v sw ), enthalpy (h sw ), entropy (s sw ) and chemical potential for salt and water (µ s , µ w ), respectively, are given as functions of temperature (T), pressure (P), and salinity (Sa). The seawater flow exergy (Ψ sw ) is then evaluated by the following equation [22] :
where x s is the mass fraction of salt in seawater, and subscripts "s", "w" and "sw" refer to salt, water and seawater, respectively. The thermodynamic properties with superscript "*" represent the restricted state, and are evaluated at temperature and pressure of the global dead state (T o , P o ) and at a salinity of the state (Sa); while the thermodynamics properties with superscript " o " are evaluated at (T o , P o ), and the salinity of the dead state (Sa o ). In this study, the global dead state of seawater is defined as follows:
Equation (1) consists of the thermal and chemical exergies. The thermal exergy is achieved when both temperature and pressure changes to those of the environment with no change in concentration. While the chemical exergy is achieved with a change in concentration, but the temperature and pressure are those of the environment.
Thermodynamics Properties of Octanoic Acid-Water Binary Mixtures
In the DSE process, there are two binary mixtures. One is the seawater mixture, and the other is the solvent-water mixture. This creates two separate binary mixtures in an immiscible binary system. 
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The thermodynamic properties of pure liquid water are evaluated using the correlations by
where C is specific heat capacity and is the specific volume; while subscript "OA" refers to the 151 octanoic acid solvent and subscript "o" refers to the reference state. The properties of octanoic acid 152 are given in Table 2 . In this study, the specific heat and specific volume of octanoic acid are assumed The total Gibb's free energy ( ̅ ) of the octanoic acid and water binary mixture is given as follows:
where is the mole fraction the of pure water in the solution, ̅ is Gibb's free energy of mixing
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and ̅ is Gibb's excess energy. ̅ and ̅ are evaluated using the following equations:
The above Gibb's excess energy equation is based on the two-suffix Margules equation [23] 161 which is a simple thermodynamic model for Gibb's excess free energy. 
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however, Gibb's free energy has a flat minimum that covers the solubility of water in octanoic acid The thermodynamic properties of pure liquid water are evaluated using the correlations by Nayar et al. [21] at zero salt concentration. For the pure liquid solvent, the specific enthalpy, and entropy are evaluated using the following equations:
where C is specific heat capacity and v is the specific volume; while subscript "OA" refers to the octanoic acid solvent and subscript "o" refers to the reference state. The properties of octanoic acid are given in Table 2 . In this study, the specific heat and specific volume of octanoic acid are assumed constants. The global dead state, which also used as a reference state, of the solvent-water binary mixture is defined as follows:
where Solu o is solubility of water in the directional solvent at the dead state (T o , P o ). The total Gibb's free energy (G) of the octanoic acid and water binary mixture is given as follows:
where y w is the mole fraction the of pure water in the solution, G mix is Gibb's free energy of mixing and G E is Gibb's excess energy. G mix and G E are evaluated using the following equations:
The above Gibb's excess energy equation is based on the two-suffix Margules equation [23] which is a simple thermodynamic model for Gibb's excess free energy. Margules equation was used to predict the behavior of non-ideal immiscible liquid binary mixtures, where A is a constant. For ideal miscible solutions A = 0; while for non-ideal miscible solutions A is greater than zero but less than or equal to two (0 < A ≤2). For non-ideal immiscible solutions, A is greater than two (A > 2). For A ≥ 3, the minimum Gibb's free energy at equilibrium occurs at low water mole fraction outside the range of the solubility of water in octanoic acid as shown in the shaded area in Figure 4 . For A = 2.23, however, Gibb's free energy has a flat minimum that covers the solubility of water in octanoic acid for temperatures between 40 • C to 80 • C, corresponding to a water mole fraction between 0.11 and 0.25. In this study, A = 2.23 was used to evaluate the thermodynamic properties of the non-ideal octanoic acid-water binary mixtures. The enthalpy and entropy of the octanoic acid and water binary mixture, h OA,w and s OA,w , respectively, are calculated using the following equations:
where x w is the mass fraction of pure water in the solution.
The exergy of the octanoic acid-water in the solution (Ψ OA,w ) is then evaluated by the following equation:
Similar to Equation (1), the thermodynamic properties with superscript "*" in Equation (11) represent the restricted state, which is evaluated at temperature and pressure of the global dead state (T 0 , P 0 ) and at a water solubility of the state (Solu); while the thermodynamics properties with superscript "o" are evaluated at T o , P o , and the water solubility of the dead state (Solu o ).
Mass, Energy, Entropy, and Exergy Balances
The DSE continuous process given in Figure 2 , has two settlement tanks, seven heat exchangers, and six pumps. The mass, energy, and exergy were balanced for each component of the DSE process. The assumptions considered in the mass, energy, and exergy analyses are: (1) the process at steady state; (2) the kinetic and potential energies are neglected; (3) the piping system, pumps, and heat exchangers are well insulated; (4) the mixing and separation are isothermal processes; (5) the purified water (State 16) has no salt concentration; and (6) the concentrated brine (State 14) has no solvent concentration. In this study, the general governing equations for the overall system or sub-systems are given as:
Mass balance
Energy balance
Entropy balance
Exergy balance X d is the rate of exergy destruction. Subscripts "i" and "j" refer to the inlet and outlet streams.
The second-law efficiency, η I I , qunatify the performance of irreversible processes. It is defined as the ratio of minimum exergy input required to that of the total actual exergy input [14] , which is given as:
where, .
X min,in is calculated for a reversible process as:
Ψ in and Ψ out represent flow exergy of inlet and outlet streams. Figure 5 shows a schematic of a control volume system utilized to evaluate the minimum exergy input using Equation (17) 
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is the rate of power transfer, ̇ is the rate of entropy generation, and ̇ is the rate of exergy 201 destruction. Subscripts "i" and "j" refer to the inlet and outlet streams.
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This paper is focused on an exergy analysis of a continuous DSE desalination process using 212 octanoic acid. The thermodynamic properties including the flow of exergy were calculated and 213 listed for each thermodynamic state (e.g., Tables A1-A3 ). The mass, energy, and exergy were
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Results and Discussion
This paper is focused on an exergy analysis of a continuous DSE desalination process using octanoic acid. The thermodynamic properties including the flow of exergy were calculated and listed for each thermodynamic state (e.g., Tables A1-A3 ). The mass, energy, and exergy were balanced for different components of the system to quantify and identify the inefficiencies in the process. The exergy destruction of each component of the process is evaluated and presented. A parametric study was performed to evaluate the effect of the critical variables, namely the recovery-ratio, heat exchanger effectiveness, and highest process temperature on the performance of the DSE system. The product water yield measurements for octanoic acid given by Bajepayee [2] , shown in Figure 1 , were used in the energy and exergy analyses. Bajepayee [2] provided uncertainties for the product water yield measurements in the range of 10% to 36%, which were used to estimate the uncertainties of the calculated values using numerical analysis [24] .
Effect of Highest Process Temperature and Heat Exchanger Effectiveness
The exergy destructions of the overall system and sub-systems of the process were calculated at different highest process temperature and separate values of heat exchanger effectiveness. Three values of the highest process temperature and three values of the heat exchanger effectiveness were considered in the parametric study.
The results, plotted as bar charts in Figure 6 and presented in Table 3 , show the exergy destruction for mixing, separation, and pumps, which have decreasing trends with an increase in the highest process temperature. As the highest temperature increases from 70 • C to 80 • C, the exergy destruction of mixing and separation processes ranges from 7.5 to 4.6 kWh/m 3 and 6.5 to 3.5 kWh/m 3 , respectively. For the pumps, it ranges from 1.3 to 0.6 kWh/m 3 . The exergy destructions for mixing, separation, and pumps were independent of the heat exchanger effectiveness. Figure 6 also shows that the exergy destruction in the heat exchangers, at the highest process temperature of 60 • C, decreases from 28 kWh/m 3 to 5 kWh/m 3 as the heat exchanger effectiveness increases from 0.7 to 0.9. Similar trends were observed for the highest process temperatures of 70 • C and 80 • C, where the exergy destruction decreases from 36 to 9 kWh/m 3 , and from 33 to 9 kWh/m 3 , respectively. For the same heat exchanger effectiveness, there are small variations in the total exergy destruction, within the uncertainty of the calculation, for the different highest process temperatures. The off-trend maximum total exergy destruction at 70 • C can be explained by the relatively low measurement of the product water yield. The uncertainty in the calculated total exergy destruction ranges from 18% to 25%. As the heat exchanger effectiveness increases from 0.7 to 0.9, the percentage contribution of the exergy destruction in the heat exchangers decreases from 79% to 52%; while the percentage contribution of mixing and separation processes increases from 11% to 26% and 8% to 19%, respectively. 
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The exergy destructions of the overall system and sub-systems of the process were calculated at 
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The results, plotted as bar charts in Figure 6 and presented in Table 3 , show the exergy 249 Table 3 . Exergy destruction of various components at different high process temperature and heat Using Equations (16) and (17), the second-law efficiency for the DSE process was evaluated and presented at different heat exchanger effectiveness and different highest process temperatures, but at the same lowest and highest process temperatures of 40 • C and 80 • C, as shown in Figure 7 . It is noticed that as the heat exchanger effectiveness increases the second-law efficiency increases from about 2% to 5%, with uncertainty ranges from ± 0.5% to ± 1%. The off-trend minimum value of the second-law efficiency at 70 • C can also be explained by the relatively low measurement of the product water yield. Using Equations (16) and (17), the second-law efficiency for the DSE process was evaluated and Figure 8 displays the total exergy input vs. recovery-ratio, which is plotted at separate values of heat exchanger effectiveness, but at the same lowest and highest process temperatures of 40 • C and 80 • C. Figure 8 shows that the total exergy input at different values of recovery-ratio has a slightly decreasing trend with maximum and minimum being at 0.3 and 0.7, respectively. Also, there is a reduction of about 5 kWh/m 3 of exergy input, when the recovery-ratio increases from 0.3 to 0.7 for all heat exchanger effectiveness. The decrease in the total exergy input with an increase in recovery-ratio is due to the decrease in the mass flow of seawater, which leads to lower exergy consumption. By observing the graph pattern, it is revealed that at 0.3 recovery-ratio the increase in the heat exchanger effectiveness from 0.7 to 0.9 will lead to a decrease in the total exergy input from 52 to 22 kWh/m 3 . The uncertainty in the total exergy input presented in Figure 8 is about ± 18%. reduction of about 5 kWh/m 3 of exergy input, when the recovery-ratio increases from 0.3 to 0.7 for all 268 heat exchanger effectiveness. The decrease in the total exergy input with an increase in 269 recovery-ratio is due to the decrease in the mass flow of seawater, which leads to lower exergy Figure 9 shows the exergy consumption of different desalination processes at different temperatures. The exergy data for RO and MSF is taken from the literature survey provided in reference [2] . The exergy consumption of RO is in the range of 2.5 to 10 kWh/m 3 for the temperatures from 30 • C to 40 • C. While, for MSF, it has a maximum value of 33 kWh/m 3 at 110 • C and a minimum of 24 kWh/m 3 at 95 • C. The exergy consumption of DSE process using octanoic acid evaluated in reference [2] was in the range of 35 kWh/m 3 at 60 • C to 49 kWh/m 3 at approximately 80 • C. For the highest process temperature of 60 • C, 70 • C, and 80 • C considered in the current study, the exergy consumption ranges from 36 to 41 kWh/m 3 , for heat effectiveness of 0.8 and a recovery-ratio of 0.5. The results of Bajeypee [2] and the current work are comparable and in the same range within the uncertainty of the exergy calculation. When compared to the traditional desalination processes, DSE exergy consumption is much higher than RO but is comparable to MSF when the heat exchanger effectiveness is at 0.9. 
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Conclusions
An exergy analysis was performed on a DSE system, using process modeling, to predict its performance. Four primary sources of exergy destruction were identified and evaluated, namely: mixing, separation, heat exchangers, and pumps. The results show that the heat exchangers have the highest exergy destruction. The results also reveal that the total exergy input decreases from around 50 kWh/m 3 to less than 20 kWh/m 3 with an increase in heat exchanger effectiveness from 0.7 to 0.9. The total exergy input, however, has a slightly decreasing trend of less than 5 kWh/m 3 as the recovery-ratio increases from 0.3 to 0.7. The exergy consumption of the DSE process with high heat recovery of 90% is comparable to those of MSF and much higher than RO. Octanoic acid, the directional solvent used in this study, has lower product water yield that causes higher exergy consumption. Therefore, to take advantage of the relatively low-temperature operation of the DSE desalination process, more effective directional solvents with higher yield are required to make it more competitive. 
